Development of efficient short-term gene transfer technologies for embryonic stem (ES) cells is urgently needed for various existing and new ES cell-based research strategies. In this study, we present a highly efficient, nonviral non-DNA technology for genetic loading of mouse ES cells based on electroporation of defined mRNA. Here, we show that mouse ES cells can be efficiently loaded with mRNA encoding a green fluorescent reporter protein, resulting in a level of at least 90% of transgene expression without loss of cell viability and phenotype. To show that transgenes, introduced by mRNA electroporation, exert a specific cellular function in Short-term gene transfer in mouse embryonic stem (ES) cells is a potentially interesting strategy for various applications, including experiments involving sitespecific target gene excision using FLPe and Cre recombinase technology.
Short-term gene transfer in mouse embryonic stem (ES) cells is a potentially interesting strategy for various applications, including experiments involving sitespecific target gene excision using FLPe and Cre recombinase technology. 1 For this purpose, many studies report the use of plasmid DNA or viral vectors to introduce FLPe or Cre recombinase proteins in whole cell populations. However, these gene transfer strategies have several disadvantages. Gene transfer by plasmid DNA generally does not result in high numbers of transfected cells and is often associated with high cell mortality among transfected cells. The use of viral vectors for gene transfer can circumvent these problems, but is associated with more complex and laborious manipulations and safety issues. Below, we describe a nonviral non-DNA technique for rapid gene expression in mouse ES cells, based on electroporation of in vitro transcribed mRNA encoding defined proteins.
To show that mouse ES cells can be genetically loaded with mRNA, several mouse ES cell lines were electroporated with in vitro transcribed mRNA, encoding the enhanced green fluorescent protein (EGFP), following a previously described procedure. 2, 3 Directly after electroporation, ES cells were further cultured in standard ES cell medium supplemented with leukemia inhibitory factor (LIF). After 6 h of culture, cells were analysed by fluorescence microscopy in order to detect EGFP-positive cells. The following ES cell lines were examined: HM1, 4 
R1
5 and E14. 6 As shown in Figure 1a , virtually all mRNA-electroporated HM-1 ES cells are positive for EGFP fluorescence, indicating high transfection efficiency and rapid translation following mRNA electroporation. At 48 h after electroporation, cells were harvested and analysed by flow cytometry for EGFP expression and cell viability (Figure 1b) . The upper dot plots in Figure 1b A similar level of cell mortality was seen in nonelectroporated cells, indicating that the 5-10% of cell mortality rate was not due to the electroporation procedure. Next, EGFP mRNA-electroporated HM-1 ES were analysed by flow cytometry for expression of stagespecific embryonic antigen 1 (SSEA1) as a marker for undifferentiated ES cells. 7 Histograms in Figure 1c show the level of SSEA1 expression on nonelectroporated HM-1 ES cells (No EP) and EGFP mRNA-electroporated HM-1 ES cells (EP EGFP) at 24 h after electroporation, indicating that the mRNA electroporation procedure did not induce ES cell differentiation. Moreover, both nonelectroporated and mRNA-electroporated HM-1 ES cell populations were further cultured for several passages without alteration in growth potential. In a final experiment to characterize these mRNA-electroporated HM-1 ES cells, EGFP expression was measured by flow cytometry for several days after electroporation. Figure 1d show highest expression of EGFP at 24 h after electroporation, indicating that most of the RNA translation has occurred within 1 day after electroporation, followed by a slow decrease in EGFP fluorescence during the next days. Next to these results on mRNA-electroporated HM-1 ES cells, similar EGFPexpression, cell viability and phenotypic analysis was obtained in EGFP mRNA-electroporated R1 and E14 mouse ES cells (data not shown).
Histograms in
To show that a transgene, introduced by mRNA electroporation, exerts a specific cellular function in transfected cells, a stably transfected ES cell line was electroporated with mRNA encoding FLPe-recombinase in order to excise an FRT-flanked reporter gene. For this, we constructed HM-1 ES cells stably expressing a reporter construct containing the green fluorescent protein (GFP) DNA sequence flanked by two FRT sites. Previously, we have shown efficient recombination of a LoxP-flanked DSred reporter gene in a human K562 haematopoietic cell line after electroporation with Crerecombinase mRNA. 9 Here, we combined the described technology with the above-described results on mouse ES cells. For this, E14 mouse ES cells were stably transfected with a dual DSred/EGFP reporter construct. Stably transfected colonies were selected based on puromycin resistance and GFP fluorescence. HM-1/FRT-GFP ES cells were further grown on gelatin-coated culture dishes in standard ES cell medium supplemented with LIF and electroporated with FLPe mRNA as described above. FLPe mRNA was prepared by in vitro transcription from a PvuII-linearized pCSFLPe vector 8 (kindly provided by Dr Gerhart Ryffel) using an SP6 Message Machine in vitro transcription kit (Ambion) and poly-adenylated using a poly-adenylation kit (Ambion). were re-electroporated with Cre mRNA followed by flow cytometric analysis for DSred fluorescence (Y-axis) and EGFP fluorescence (X-axis) on day 5 after the second electroporation (2nd EP Cre, analysed on day 11 after initial electroporation). Analysis was performed on 10 000 cells, as previously described. Figure  3d (indicated as EB) show that within embryoid bodies cultured in the absence of retinoic acid, cells stain negative for SSEA-1 and only a small population of cells stains positive for A2B5. Again, no difference was observed between parental E14 ES cells and Creelectroporated ES cells.
In conclusion, RNA electroporation is a highly efficient method for short-term genetic loading of mouse ES cells. Results show, based on expression of an EGFP reporter gene, electroporation efficiencies of more than 90% combined with low cell mortality among electroporated cells (5-10%) in different ES cell lines tested. In addition, we have shown efficient recombination of LoxP-and FRT-flanked target genes in stably transfected mouse ES cells after electroporation with, respectively, Cre and FLPe mRNA. Moreover, mRNA electroporation and subsequent recombination events did not have any influence on further culture of undifferentiated ES cell populations or on the ability to differentiate as a whole cell population towards a specific (eg neural) lineage. Therefore, based on this and previously published reports, 13, 14 we conclude that mRNA electroporation is a highly efficient, easy and low-cost alternative to the use of plasmid DNA and viral vectors for efficient gene transfer. Furthermore, since electroporation of mRNA results in high-level transgene expression in mouse ES cells, many more applications in ES cell-based research can benefit from this easy and efficient gene transfer protocol.
